Phagocytes generate H2O2 for use by a secreted heme enzyme, myeloperoxidase, to kill invading bacteria, viruses, and fungi. We have explored the possibility that myeloperoxidase might also convert L-tyrosine to a radical catalyst that cross-links proteins. Protein-bound tyrosyl residues exposed to myeloperoxidase, H2O2, and L-tyrosine were oxidized to o,o'-dityrosine, a stable product of the tyrosyl radical. The cross-linking reaction required L-tyrosine but was independent of halide and free transition metal ions; the heme poisons azide and aminotriazole were inhibitory. Activated neutrophils likewise converted polypeptide tyrosines to dityrosine. The pathway for oxidation of peptide tyrosyl residues was dependent upon L-tyrosine and was inhibited by heme poisons and catalase. Dityrosine synthesis was little affected by plasma concentrations of Cl-and amino acids, suggesting that the reaction pathway might be physiologically relevant. The requirement for free L-tyrosine and H2O2 for dityrosine formation and the inhibition by heme poisons support the hypothesis that myeloperoxidase catalyzes the cross-linking of proteins by a peroxidative mechanism involving tyrosyl radical. In striking contrast to the pathways generally used to study protein oxidation in vitro, the reaction does not require free metal ions. We speculate that protein dityrosine cross-linking by myeloperoxidase may play a role in bacterial killing or injuring normal tissue. The intense fluorescence and stability of biphenolic compounds may allow dityrosine to act as a marker for […] We have explored the possibility that myeloperoxidase might also convert L-tyrosine to a radical catalyst that cross-links proteins. Protein-bound tyrosyl residues exposed to myeloperoxidase, H202, and L-tyrosine were oxidized to oo'-dityrosine, a stable product of the tyrosyl radical. The cross-linking reaction required L-tyrosine but was independent of halide and free transition metal ions; the heme poisons azide and aminotriazole were inhibitory. Activated neutrophils likewise converted polypeptide tyrosines to dityrosine. The pathway for oxidation of peptide tyrosyl residues was dependent upon L-tyrosine and was inhibited by heme poisons and catalase. Dityrosine synthesis was little affected by plasma concentrations of Cl-and amino acids, suggesting that the reaction pathway might be physiologically relevant. The requirement for free L-tyrosine and H202 for dityrosine formation and the inhibition by heme poisons support the hypothesis that myeloperoxidase catalyzes the cross-linking of proteins by a peroxidative mechanism involving tyrosyl radical. In striking contrast to the pathways generally used to study protein oxidation in vitro, the reaction does not require free metal ions. We speculate that protein dityrosine cross-linking by myeloperoxidase may play a role in bacterial killing or injuring normal tissue. The intense fluorescence and stability of biphenolic compounds may allow dityrosine to act as a marker for proteins oxidatively damaged by myeloperoxidase in phagocyte-rich inflammatory lesions. (J.
Introduction
Partially reduced oxygen species damage cellular targets in vitro and are implicated in the pathogenesis of cancer, aging, reperfusion injury, and atherosclerosis ( 1) . One important pathway for the generation of such reactive intermediates involves activated neutrophils and monocytes. The biochemical basis for phagocyte oxidant production is a membrane-asso-ciated NADPH oxidase (2, 3) , which reduces oxygen to 0 - (4) . The dismutation of 0 -yields H202 for use by a secreted heme protein, myeloperoxidase, to form HOCl (2, 3, 5) . This potent oxidant is toxic to microorganisms, viruses, and tumor cells and plays a critical role in killing invading pathogens (5) . In certain pathological states, normal cellular tissue may be a target for damage ( 1, 5 ).
We recently found that myeloperoxidase can also convert the phenolic amino acid L-tyrosine to dityrosine (6) , an intensely fluorescent amino acid (7, 8) . Studies with phenols and L-tyrosine oxidized by ferricyanide (9-1 1 ) indicate that the enzymatic reaction is likely to involve phenoxyl radical generation (6, 12) . Radical coupling of phenoxyl radical yields orthoortho, ortho-para and para-para dimers, reflecting the distribution of free-electron density on the aromatic ring (9) (10) (11) . Because the para position is blocked by a bulky substituent in tyrosyl radical, the major product of the reaction is o,o'-dityrosine (6, 9, 10, 12) :
The cross-linking reaction takes place at physiological concentrations of Cl -and amino acids (6) , suggesting that L-tyrosine may be an effective substrate for myeloperoxidase in vivo.
In this report, we characterize the ability of tyrosyl radical to serve as a catalyst for protein cross-linking and show that dityrosine may serve as a marker for proteins oxidatively damaged by neutrophils.
Methods

Materials
The polypeptides glutamate/tyrosine (4: 1, mol/mol, mol wt 20,000-50,000), lysine/tyrosine (4:1, mol wt 20,000-50,000), glutamate/lysine/tyrosine (6:3:1, mol wt 20,000-50,000), glutamate/alanine/tyrosine (6:3:1, mol wt 20,000-50,000) and alanine/glutamate/lysine/ tyrosine (6:2:5: 1, mol wt 20,000-30,000) came from Sigma Chemical Co. (St. Louis, MO). Pierce Chemical Co. (Rockford, IL) supplied HC1 (Sequanal grade). Boehringer-Mannheim Biochemicals (Indianapolis, IN) provided BSA (fraction V; heat shock, fatty acid-free) and phenol (molecular biology grade, redistilled). Other reagents were obtained from the indicated sources (6).
Methods
Dityrosine cross-linking ofBSA by myeloperoxidase. Myeloperoxidase was isolated from Nonidet P40-extracted leukocytes (13) by lectin affinity chromatography and size exclusion chromatography as described (14) . The purified enzyme had an A43O/A280 ratio of 0.71 (6) .
Myeloperoxidase activity was determined by guaiacol oxidation (15) and its concentration was measured spectrophotometrically (E430 = 170 mM-' cm-'; reference 16).
Cross-linking reactions were carried out at 250C in buffer A (50 mM Na2HPO4, 100 MAM diethylenetriamine pentaacetic acid, pH 7.5) under conditions where protein-associated dityrosine formation was a linear function of enzyme concentration. To remove transition metal ions potentially able to catalyze tyrosine oxidation, buffer A was prepared with glass-distilled deionized water and passed over Chelex 100 resin (Bio-Rad Laboratories, Richmond, CA). The reaction mixture contained (final concentration) 100MM H202, 0.2 mM L-tyrosine and I mg/ml BSA in a final volume of 0.5 ml. After a 60-min incubation, the reaction mixture was passed over a DEAE-Sepharose CL-6B minicolumn (0.8 cm2 X I cm) and washed with 8 ml of buffer A. The protein was eluted with 2 ml buffer B (6 M guanidine hydrochloride, 50 mM Tris, pH 8.0). Protein-bound dityrosine production was monitored by fluorescence using excitation and emission wavelengths of 325 and 410 nm, respectively (7, 8) . The final concentrations ofdityrosine and BSA (monitored as A276) were calculated from two calibration curves for authentic dityrosine and protein in buffer B.
Human neutrophils. Neutrophils were prepared from human blood anticoagulated with EDTA (final concentration 5.4 mM) using Polymorphprep (Nycomed, Sunnyvale CA) as described (6) . Cross-linking ofglutamate/tyrosine( 1 mg/ml) by neutrophils (5 x I05cells in 1 ml) was carried out at 37°C in air using medium A (Ca2+-and Mg2+-free Hank's balanced salt solution, pH 7.6) supplemented with 0.4 mM L-tyrosine, 0.1 mM diethylenetriamine pentaacetic acid, 10 Mg/ml soybean trypsin inhibitor, I Mg/ml leupeptin, 1 Mg/ml aprotinin, and the indicated additions. The neutrophils were stimulated with ,B-phorbol 12-myristate 13-acetate (final concentration 200 nM) and maintained in suspension by intermittent inversion. At the indicated time cells were pelleted by centrifugation. The polypeptide was reisolated from the supernatant and its fluorescence determined as described for myeloperoxidase-modified BSA.
Gas chromatography/mass spectrometry of the myeloperoxidase BSA and neutrophilpolypeptide oxidation products. Reisolated myeloperoxidase and neutrophil-modified proteins were subjected to gas phase hydrolysis (6 N HCI with 1% phenol, 1 10°C, 40 h) in an evacuated reaction vessel that had been flushed with N2. The acid hydrolysate was loaded onto a 0.8-cm2 X 2.5-cm column ofDowex-50W equilibrated with I mM HCI. The column was extensively washed with acid and developed with 10 ml of 2 M NH40H. Fluorescent fractions were pooled and concentrated by Iyophilization. The preparation was adjusted to pH 8.5 with HCl, diluted with H20, then loaded at 1 ml/min onto a Mono Q HR5/5 column (Pharmacia, Inc., Piscataway, NJ) equilibrated with buffer C (10 mM Hepes, pH 8.5) using a fast protein liquid chromatography apparatus (Pharmacia, Inc.) as described (6) . After washing with buffer C (20 ml), 25 mM NaCl in buffer C (50 ml), and 50 mM NaCl in buffer C (10 ml), the column was developed at 1 ml/min with sequential linear salt gradients of 50-100 mM NaCI (20 ml) and 100-500 mM NaCI (20 ml) in buffer C.
Amino acids isolated by anion exchange chromatography were esterified by treatment with 3.5 N HBr in N-propanol and acylated by the addition of ethyl acetate/heptafluorobutyric anhydride 3:1 (vol/vol) (6). A gas chromatograph (model 5890A, Hewlett-Packard, Co., Palo Alto, CA) equipped with a mass spectrometer (model 5988A, HewlettPackard Co.) with extended mass range was used for mass spectrometry. Negative-ion chemical ionization with methane as the reagent gas and gas chromatography ( 12 m HP-I capillary column, Hewlett-Packard Co.) were performed as described (6) .
Other assays. Dityrosine was prepared as described ( 17) . Protein was measured by the method of Lowry et al. (18) using BSA as the standard.
Results
We selected BSA for our initial studies because albumin is abundant in plasma and has been widely investigated as a tar- The complete system consisted of myeloperoxidase (13.2 pmol/ml;
,M L-tyrosine, 100 IAM H202, and 1 mg/ml BSA in a final volume of 0.5 ml. Reactions were carried out in buffer A (50 mM Na2HPO4, 100 MM diethylenetriamine pentaacetic acid, pH 7.5) at 25°C in air. BSA was reisolated by anion exchange chromatography after a 60-min incubation. Protein-associated fluorescence was determined as described in Methods using the excitation and emission wavelengths characteristic ofdityrosine. get for oxidative damage ( 19, 20) . When BSA was incubated in chloride-free phosphate buffer (pH 7.5) with myeloperoxidase, H202 and diethylenetriamine pentaacetic acid (a potent inhibitor of metal-catalyzed reactions), the intrinsic fluorescence of BSA was little affected (Table I) . A marked increase in proteinassociated fluorescence was apparent when L-tyrosine was included in the reaction mixture. Myeloperoxidase, L-tyrosine, H202, and BSA were all required for the reaction (Table I) ; catalase and heme poisons were inhibitory. Protein-associated fluorescence decreased modestly when 150 mM Cl -was present (Table I ). The reaction was little affected by mannitol (a hydroxyl radical scavenger) or amino acids at plasma concentrations( 21 ). These results indicate that myeloperoxidase modified BSA by a peroxidative pathway that was independent of Cl-and free metal ions. The L-tyrosine requirement suggests that one product ofthe reaction may be dityrosine and implies that the amino acid is conveying oxidizing potential from the active site of the heme enzyme to protein tyrosyl residues. To verify that dityrosine was responsible for the fluorescence ofmyeloperoxidase-modified BSA, we took advantage of the stability ofthe biphenolic cross-link to acid hydrolysis. BSA incubated with myeloperoxidase, L-tyrosine, and H202 was precipitated to remove free dityrosine and then hydrolyzed by exposure to HCO vapor. The amino acid mixture was subjected to fast protein liquid chromatography with a high resolution anion exchange column. A single major fluorescent peak eluted at the same ionic strength (50-100 mM NaCl) as dityrosine. The excitation and emission spectra of the oxidation product, as well as the pH dependence offluorescence, were virtually identical to dityrosine (data not shown), strongly suggesting that the protein-associated fluorescence was due to dityrosine. To firmly establish the structure ofthe BSA oxidation product, we employed gas chromatography/mass spectrometry. The fluorescent amino acid (s) isolated by anion exchange chromatography was converted to its N-propylheptafluorobutyryl derivative. With negative-ion chemical ionization, the total ion chromatogram of the product showed a major peak whose retention time was identical to that of dityrosine (Fig. 1 A) . The mass spectrum of the oxidation product exhibited a small peak at m/z 1228 (Fig. 1 B) , the calculated molecular weight ofthe dityrosine derivative (Inset, Fig. 1 A) . Two major ion peaks were apparent at m/z 1208 and 1030 in the amino acid prepared from oxidized BSA (Fig. 1 B) . These peaks are characteristic of heptafluorobutyric anhydride-derivatized amino acids and correspond to loss ofHF and CHO(CF2)CF3, respectively, confirming that the peak observed at m/z 1228 is the molecular ion. The mass spectrum is virtually identical to that reported for authentic dityrosine (6). The negative chemical ionization mass spectrum, in concert with the chromatographic and fluorescence spectroscopic results, conclusively identify the myeloperoxidase-modified BSA product as o,o'-dityrosine.
Myeloperoxidase-modified BSA was intensely fluorescent. Based on its pH dependence (6-8), we estimate that -90% of the protein-associated fluorescence was due to dityrosine. We therefore used this property to characterize the cross-linking reaction. The myeloperoxidase-H202-L-tyrosine system rapidly oxidized BSA tyrosyl residues at physiological pH (Fig. 2 A). Protein dityrosine synthesis was optimal at 50-100 ,uM H202 (Fig. 2 B) , 200 ,uM L-tyrosine (Fig. 2 C) and pH 8.0 (Fig.  2 D) . High concentrations of L-tyrosine inhibited cross-linking, suggesting either that free dityrosine synthesis was favored or the free amino acid was quenching protein tyrosyl radical (see Discussion for a proposed mechanism).
Horseradish peroxidase is known to directly oxidize protein-bound tyrosyl residues to dityrosine ( 17, 22) . To determine whether myeloperoxidase is able to execute similar reactions, and to begin to explore structural features that may control protein reactivity, we studied five synthetic polypeptides (mol wt 20,000-50,000) of limited amino acid composition and random sequence. Myeloperoxidase required free L-tyrosine to cross-link all of the polypeptides (Fig. 3 A) . This indicates the enzyme is likely to exhibit considerable steric hindrance in either the heme pocket or the channel for substrate access. In striking contrast, lysine/tyrosine and alanine/glutamate/lysine/tyrosine were cross-linked by horseradish peroxidase in the absence of L-tyrosine (Fig. 3 B) , showing the enzyme is able to directly interact with polypeptide tyrosyl residues. This may reflect electron transfer at an exposed heme edge since reducing agents are unable to interact with the iron of horseradish peroxidase (23) . Facile cross-linking of lysine/ tyrosine suggests the active site ofthe enzyme is embedded in a negatively charged domain that attracts basic proteins. Consonant with this hypothesis, the acidic polypeptide glutamate/ tyrosine was not a substrate for cross-linking in the absence of L-tyrosine. These results imply that electrostatic effects may be one important factor controlling cross-linking by horseradish peroxidase. We used the glutamate/tyrosine polypeptide, an excellent substrate for cross-linking by the myeloperoxidase-H202-L-tyrosine system (Fig. 3 A) , to investigate the potential role of neutrophils in dityrosine synthesis. Cells activated with phorbol ester rapidly cross-linked the synthetic polypeptide (Fig. 4  A) . As with the myeloperoxidase-H202 system, the reaction required L-tyrosine (Table II) : it was inhibited by catalase, an H202 scavenger (Fig. 4 A) , and by the heme poisons aminotriazole and azide (Table II) . Neither mannitol nor amino acids were inhibitory (Table II) . The optimum L-tyrosine concen-J. W. Heinecke (Fig. 4 B) . The L-tyrosine requirements for crosslinking of BSA by myeloperoxidase (Fig. 1 B) and of polypeptide by neutrophils (Fig. 4 B) were distinct, perhaps reflecting differences in the substrates or the incubation conditions (such as the Cl-present in the neutrophil medium). Superoxide dismutase stimulated dityrosine cross-linking fivefold (Fig. 4 A) . This may be due to either an increase in H202 yield or accelerated disappearance of 0°-, which is known to repair tyrosyl radical (24) .
The fluorescent neutrophil glutamate/tyrosine oxidation product was shown to be dityrosine by gas chromatography/ mass spectrometry. To ensure removal of free dityrosine, modified polypeptide was dialyzed, reisolated by anion exchange chromatography, and then subjected to precipitation. The polypeptide was acid-hydrolyzed and the fluorescent product was isolated by high-resolution anion exchange chromatography (Fig. 5 A) . A major peak of fluorescence eluted at the same ionic strength as authentic dityrosine. The isolated fluorescent amino acid(s) was esterified, acylated, and then subjected to negative-ion chemical ionization mass spectrometry (Fig. 5  B) . The mass spectra of the derivatized neutrophil oxidation product (Fig. 5 B) , the myeloperoxidase BSA oxidation product (Fig. 1 B) and dityrosine were virtually identical (6), with small molecular ion peaks at m/z 1228 and major ion peaks at m/z 1208 and 1030.
Discussion
Our results, taken together, indicate that the myeloperoxidase-H202 system of activated neutrophils can form dityrosine cross-links in proteins at physiological concentrations of chloride and amino acids. In contrast to the mechanisms generally used to study protein oxidation in vitro ( 1, 20) , the reaction is independent of free transition metal ions. The requirement for L-tyrosine suggests that tyrosyl radical serves as a diffusible catalyst for the reaction (9-1 1 ) . The following pathway is consonant with these data and peroxidase chemistry (25): myeloperoxidase + H202 -* compound I + H20 compound I + L-tyrosine compound II + tyrosyl- ( 5, 25 ) , is thus thermodynamically competent to form tyrosyl radical. The capability of myeloperoxidase compound II, a less oxidizing intermediate (25) , to generate tyrosyl radical is unknown. It also remains to be determined if other amino acids are oxidized by myeloperoxidase. Because L-tyrosine is the most easily oxidized aromatic amino acid (26), and phenols are known to be unusually susceptible to one electron transfer reactions (8) (9) (10) , L-tyro- (24), L-tyrosine (9-11), vitamin E (24) , and ascorbate (24) . The repair reaction may explain both the stimulation of neutrophil-dependent dityrosine cross-linking by superoxide dismutase and the inhibition of myeloperoxidase-catalyzed BSA cross-linking by high concentrations of L-tyrosine.
In contrast to hydroxyl radical, (HO), the tyrosyl radical is relatively stable and selectively reactive (9, 10, 27, 28) . Dityrosine may be a significant product oftyrosyl radical in biological systems, making the compound a potentially useful marker for oxidation. An important question is the specificity of myeloperoxidase for dityrosine formation. Other peroxidases, including horseradish peroxidase and lactoperoxidase, catalyze dityrosine synthesis ( 12, 29) . Both ultraviolet irradiation (8, 28) and HO (9, 10, 19) can oxidize L-tyrosine to dityrosine. Although sunlight is thought to promote dityrosine formation in human cataracts (30) Mass Units amino acids were subjected to fast protein liquid chromatography at 1 ml/ min on a Mono Q HR5/5 column while collecting 2-ml fractions as described in Methods. Dityrosine (DiTyr) elutes from the column at the indicated ionic strength. (B) The major peak of fluorescent amino acids was derivatized and subjected to gas chromatography/mass spectrometry as described in Methods. The proposed structure of the dityrosine derivative is presented in Fig. 1 A (inset).
tions that generally exist in vivo, dityrosine is likely to be a distinctive product of a peroxidase-H202 system. Dityrosine synthesis may be widespread in nature. Both the nascent sea urchin embryo (3 1 ) and the yeast spore (32) employ heme proteins to cross-link their protective protein coats; dityrosine is also abundant in insect ligaments (7) . Different mechanisms than the one we have proposed for the myeloperoxidase-H202-L-tyrosine system may be involved, however. In the sea urchin embryo, ovoperoxidase directly oxidizes protein-bound tyrosyl residues at fertilization ( 31 ) .
A marker for proteins modified by myeloperoxidase would be a powerful tool for studying the importance of neutrophil and monocyte activation in the pathogenesis of disease states ranging from atherogenesis to cancer. Such reactions may take place in protected extracellular microenvironments, where phagocytes are abundant and local antioxidants that scavenge tyrosyl radical might be depleted. Dityrosine should be readily detectable in tissue because biphenolic compounds are intensely fluorescent (7, 8) and stable to acid hydrolysis (7, 8, 17) . Myeloperoxidase cross-links proteins at physiological concentrations of Cl-and L-tyrosine, raising the possibility that tyrosyl radical plays a role in the phagocyte inflammatory response. If similar cross-linking reactions take place during injury to tissue or bacterial killing, dityrosine may serve to mark protein targets oxidatively damaged by phagocytes.
